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Background spectrum of synchrotron radiation-excited
total reflection x-ray fluorescence for Si wafer analysis
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In the synchrotron radiation-excited total reflection x-ray fluorescence (SR-TXRF) determination of surface
contaminants on Si wafers, the minimum detection limit is intrinsically determined by the background
spectrum. The absolute counts of background spectra for the whole energy range concerned was calculated
under the usual SR-TXRF experimental conditions and was compared with measurements. The detection
limits for contaminants near the surface of Si wafers within a few atomic layers were evaluated from
the calculated background spectrum and the fluorescence signal under given experimental conditions.
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INTRODUCTION

The total reflection x-ray fluorescence (TXRF) method has
been widely used in the semiconductor industry to determine
surface contaminants of Si wafers. The demand to detect
surface contamination by transition metals in the order of
107 atoms cm~? is rising rapidly as the structural dimensions
of semiconductor devices continue to shrink. The minimum
detection limit (MDL) in TXRF is usually evaluated by
3Csta~/Np/Np, where Cyyq is the concentration of a standard,
Ng is the background counts and Np is the net peak area.
From this definition, it follows that lower MDLs in TXRF can
be obtained by brighter excitation sources, a higher speed
detection system and lower background spectrum intensity
excitation. It is expected that TXRF using synchrotron
radiation (SR-TXRF), owing to its high brightness and linear
polarization, will satisfy the future demands.!~®

The calculation of the absolute background spectrum
is of importance not only to determine the detection
limits of contaminants but also to investigate the optimum
SR-TXRF experimental conditions, such as the energy of
incident x-rays, the glancing angle and the experimental
arrangement of the wafer and detector system. So far, the
theoretical evaluation of the background spectrum, the major
determinant of the intrinsic MDL, has not been performed for
the whole energy range of a TXRF spectrum. The calculation
of a TXRF background spectrum in the lower energy
range, which predominantly consists of bremsstrahlung
emitted by photoelectrons, was presented in a previous
paper.® The calculations of the background spectrum due
to photoelectron bremsstrahlung indicated the presence of
another source of background spectrum in the higher energy
range of the contaminant elements Ni, Cu, Zn, etc. SR-TXRF
measurements for the trace element analysis of Si wafers are
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usually carried out with an incident beam energy of about
11 keV. Under this condition, Ortega et al. regarded Compton
scattering as the limiting factor for the determination of Cu
and Zn.?

In this study, we evaluated the absolute counts of
background spectra for the whole energy range under given
experimental conditions for SR-TXRF measurements of Si
wafer surfaces. The theoretical results were compared with
measured spectra. Based on these results, the theoretical
MDLs of surface contaminations achievable under certain
experimental conditions were also evaluated.

CALCULATION OF COMPTON SCATTERED
SPECTRUM

The influence of the SiO; layer formed on Si wafers is taken
into account, because of the difference in Compton scattering
cross-sections between Si and SiO, and the variation of the
incident x-ray intensity distribution near the wafer surface.
The Compton scattered spectrum striking the detector is
obtained by integrating the Compton scattering cross-section
over the detecting area and the effectively irradiated area of
the Si wafer:
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where A is Avogadro’s number, p the density, M the
molecular weight and (d?0/dQ2 dE); the Compton scattering
cross-section of the ith shell. The subscripts SiO, and Si refer
to the SiO; layer and Si wafer, respectively. I(Ip, «, d, z) is
the x-ray intensity at depth z and « is the glancing angle. I
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and d are the incident x-ray intensity and the thickness of
the SiO; layer on the Si wafer, respectively. The geometric
parameters, ¢, R and ¢ are defined in Fig. 1. The integration
limits of Eqn (1) over the detecting surface (radius R;) and
the effectively irradiated area of the Si wafer (radius Rg) for
the experimental conditions in Fig. 1 are given by
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where Z; and Zg are the normal distances of the detector
crystal and the collimator from the Si wafer surface,
respectively.

For the double differential Compton scattering cross-
section with respect to the scattering angle and scattered
photon energy, Ribberfors’ equation based on a relativistic
impulse approximation is used.”® In the geometry for the
SR-TXRF measurement in this study, the electric field vector
of the incident synchrotron radiation is assumed to be
linearly polarized and the detector axis is normal and in
the same plane for reducing the background counts. With
the definitions in Fig. 1, the differential Compton scattering
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Figure 1. Geometry used to calculate the background spectra
in SR-TXRF analysis. O is at the center of the detector system
projected on the Si wafer. Polar coordinates (R, ) represent
the point where fluorescence takes place. The polar angle, 6,
and the azimuth angle, ¢, represent the direction of
fluorescence radiation from this point (R, ®). Rs, Z and Zg are
the radius of the detector, the normal distance of the detector
and the distance of the collimator from the wafer surface,
respectively.
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cross-section is expressed by
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and rp, m and c are the classical electron radius, the mass
of an electron at rest and the speed of light, respectively.
Eo and E are the incident and Compton scattered photon
energy and E. is the Compton scattered photon energy for
an electron at rest. J;(P,) is the Compton profile of an electron
in the ith shell and P, is the projection of the electron’s pre-
collision momentum on the photon scattering vector. For the
Compton profiles of electrons in Si and O atoms we use the
values of Biggs et al.” The Compton scattering cross-section
of each shell has a value of zero in the energy region of the
energy transfer, Ey — E, smaller than the binding energy of
an electron in the shell.

EXPERIMENTAL

The synchrotron radiation source used in this study was the
beamline 10.3.2 of the Advanced Light Source at Lawrence
Berkeley National Laboratory. The beam was focused
horizontally by a spherical mirror and monochromatized
by a double multilayer monochromator of W/B,C. The
beam size obtained was 6(V) x 0.06(H) mm? FWHM. The
energy of the monochromator was set to 10.9 keV and
the energy width of the multilayer optics was 200 eV. In
addition to the primary reflection, the second harmonic was
observed and its intensity was 2% of the first-order x-ray
flux. Other higher order harmonics were suppressed by the
cut-off mirror because the cut-off energy was approximately
22 keV.

It is important to determine accurately the incident flux
for calculating absolute counts. The method used was to
pulse count photons directly using a scintillator—-PM tube
combination, using a thick attenuator to reduce the intensity
into the detector. Knowing the thickness and the absorption
coefficient of attenuator, we can measure Ip. To make the
measurement accurate, data were collected over a range
of thickness. The greatest source of error of this method
comes from the higher order Bragg peaks given by the
multilayer monochromator. If we increase the absorber
thickness the flux will be dominated by high-order light
and the determination of flux will rapidly become incorrect.
In this case we are fortunate that the Mo K edge suppresses
the transmission at the second-order energy. We used eight
pieces of Mo foil of 25 um thickness. The foil thickness was
selected for reducing errors due to higher order Bragg peaks
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to <2%. The flux of the incident beam on the Si wafer was
measured to be 2 x 10° photons s7!.

An Si(Li) solid-state detector with an intrinsic resolution
of 140 eV at Mn Ka was used. The radius of the detecting
crystal was 1.5 mm and the thickness was 3 mm. A collimator
of length 12 mm was attached in front of the detector to
reduce the scattering intensity. As the collimator having a
1.5 mm radius was extended to detecting crystal, the effective
dimensions of the Si crystal could be well defined. A 12.5 um
thick BN filter in front of the detector effectively attenuates
the Si fluorescence x-rays to the detector. Data were collected
with a 2 mm space between the filter and the wafer surface
and the Be window was located 5.5 mm from the wafer
surface.

In order to compare the calculated background spectrum
with experimental results, spectra of a clean wafer were
collected at various glancing angles. The critical angle is at
2.87 mrad for an incident x-ray of 10.9 keV. For each incident
angle the measurements were repeated four times and the
results were averaged. In the measured spectra, fluorescence
signals from the impurities of Cl and Cu were present.

RESULTS AND DISCUSSION

The total Compton scattered counts were calculated by
using Eqns (1) and (2) and the x-ray intensity distribution
in the SiO, layer and Si wafer was computed by using
the transfer matrix.’’ Figure 2 shows the variation of total
Compton scattered counts as a function of glancing angle
and SiO; layer thickness. The total Compton scattered count
increases as the SiO, layer becomes thicker and the curves
show peaks around the critical angle. The variation of
Compton scattered count arises mainly from the increment
of the penetration depth due to the SiO, layer on the Si
wafer. The SiO, layer also influences the reflectivity, R,
and the penetration depth, resulting in the variation of
the photoelectron bremsstrahlung count. Figure 3 shows
the variation of total photoelectron bremsstrahlung counts
simulated by the Monte Carlo method.® The photoelectron
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Figure 2. Variation in the Compton scattered counts,

llcoms (@, d) — Icoms (@, 0)]/Icoms (@, 0)(%), as a function of
glancing angle, «, and SiO; layer thickness, d.
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Figure 3. Variation in the photoelectron bremsstrahlung

counts, [lpegs (@, d) — Ipgss (e, 0))/Ipess (@, 0)(%), as a function
of glancing angle, «, and SiO, layer thickness, d.
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Figure 4. Comparisons of the calculated scattered spectra
(Compton contribution = dashed line) and measured data
(open squares) at glancing angles of (a) 2.2 and (b) 3.0 mrad.

bremsstrahlung count decreases as the SiO, layer becomes
thicker and does not change much above the critical angle.
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Figure 5. Detailed views of the calculated spectrum and the
measured spectrum in the energy range where photoelectron
bremsstrahlung and Compton scattering co-exist. The
glancing angle is (a) 2.2 and (b) 3.0 mrad.

Because the photoelectron bremsstrahlung count is directly
proportional to the number of photons absorbed in the wafer,
Fig. 3 is similar to the transmissivity, 1 — R, variation except
for minor variations due to the change of the penetration
depth.

By comparing the measured SR-TXRF spectra with the
calculated ones at various thicknesses of the SiO, layer,
the calculated background spectra assuming an SiO, layer
of 15 A thickness show good agreement. Figure 4 shows
the comparison between the calculated Compton scattered
spectra and measured data at incident angles of 2.2 and
3.0 mrad. The elastic scattered count, as shown in Fig. 4, is
fitted as a Gaussian distribution to the measured data and
does not contribute to the background spectrum. Figure 4
indicates that Compton scattering contributes mainly to the
SR-TXRF background above 9 keV when the incident x-
ray energy of 10.9keV is used. In a lower energy range
the Compton scattering and photoelectron bremsstrahlung
spectrum co-exist as shown in Fig. 5. The total spectrum
(solid line) in Fig. 5, which includes the Compton scattered
count, the photoelectron bremsstrahlung count and the
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Figure 6. Theoretical detection limits of surface contaminants
for SR-TXRF analysis of Si wafer as a function of the glancing
angle. The values are calculated for an SiO, layer thickness of
15 A and incident flux of 2 x 10° photons s~ 1.

escaped peak from Si(Li) detector, shows good agreement
with the measured spectrum. The peak around 9.1 keV
in the background spectrum is formed by the escaping
phenomenon (peak at 9.16 keV) and the K edge in the
Compton profile of an Si atom (peak at 9.06 keV).

The fluorescence counts from contaminants near the
surface of Si wafers within a few atomic layers are given
by

It = Ip[1 — R(e)] —a——psrPKngKanRz Eaﬂn exp(—ute)
Re[o,] 4

(€©))
where R(a) is the reflectivity at the incident glancing angle
@, as is the refraction angle of the Si wafer, ps is the surface
density and 7 is the mass photoelectric absorption coefficient.
Px, wx and g, are the absorption jump factor of the K
series, the fluorescence yield of the K series and the emission
probability of the Ka line, respectively. 7RZ% is the area of
the wafer as seen by the detector through the collimator in
front of the detector and Qavg is the average solid angle of
the detector seen from the wafer area, 7R%;. 5 is the detection
efficiency of the Si(Li) detector, s is the total attenuation
coefficient of the filter and #; is the thickness of the filter.
With Z, = 14 mm, Zg =2 mm and Ry = 1.5 mm, the average
solid angle, Qavg, is calculated to be 27.0 msrad.

From the calculated background spectrum and fluo-
rescence count, we can evaluate the MDL under given
experimental conditions. Here, the background counts were
calculated in the energy range of twice the fluorescence
peak’s FWHM. The FWHM values of fluorescence peaks
were determined with electric noise of 48 eV and a Fano
factor of 0.14; 98.1% of the fluorescence peak is within
this width. As shown in Fig. 6, the calculated MDLs
depend on the glancing angle. The glancing angle at
which the lowest MDL value can be achieved does not
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vary with the kind of element, and is around 2.2 mrad.
In the case of Fe, for instance, the theoretical MDL of
8.59 x 10" atoms cm? is achieved at a glancing angle of
2.21 mrad.

CONCLUSION

When we know the concentration and the exact depth
distribution of contaminants in a wafer, we can measure
the MDLs of the contaminants by inspection of the wafer.
However, it is not easy to measure the concentration and
the exact depth distribution of ultra-trace contaminants.
Therefore, the optimization of the experimental conditions
by a theoretical approach is more practical. In this study,
the background spectrum of SR-TXRF was quantitatively
calculated from the composed counts of photoelectron
bremsstrahlung and Compton scattered x-rays with respect
to the SiO, layer on Si wafers. The theoretical MDLs in
the SR-TXRF determination of contaminants on an Si wafer
under given experimental conditions were determined.

Background spectrum of SR-TXRF for Si water analysis
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